enzyme and substrate concentrations but also by the organization and dynamics of the interface where catalysis occurs. It is apparent that the reaction velocity of an interfacial enzyme is sensitive to the two-dimensional surface concen tration of components at the interface, where the enzyme and substrate are concentrated into small regions of the total reaction volume. The fraction of enzyme bound at the interface depends, however, on the three-dimensional (bulk) concentration of the interface. Also, the residence time of the enzyme at the interface determines the processivity of the reaction, which refers to the ability of an enzyme to catalyze more than one turnover cycle without leaving the interface. Finally, interfacial enzymes can be described by steady-state rate equations (Michaelis-Menten approach) that are modified to take into account a reduction in dimensionality. In this review, such concepts are explored in detail.
Enzymes that permanently reside within or on the membrane and operate on substrates at the interface are also interfacial enzymes. Integral and periph eral membrane enzymes that catalyze the transformation of substrates that exist in the aqueous phase are not interfacial enzymes, although the possibility that the enzyme at the interface has different kinetic parameters than those in the aqueous phase should be considered. For example, CTP:phosphocholine cytidyltransferase, which acts on water-soluble substrates, is activated by in teraction with membranes (1) . Water-soluble enzymes that operate on sub strates in the aqueous phase regardless of whether the substrate partitions between the two phases or exists only in the aqueous phase are not interfacial enzymes. Integral membrane enzymes that operate on substrates that are com pletely within the membrane phase appear to be rare, as most membrane-re siding substrates are sufficiently amphiphilic to be present at the interface.
Interfacial catalysis is an important area of enzymoiogy, as many interfacial enzymes have been described. One of the purposes of this review is to sum marize how interfacial enzymes work, with a focus on the thinking that goes into the development of experimental concepts and strategies for the proper quantitative analysis of interfacial catalysis in general. Such studies form the basis for understanding the important features of interfacial catalysts, including interfacial activation, substrate preferences, and inhibition. The main focus in this review is on a family of 14-kDa secreted phospholipases A2 (sPLA2), because these are probably the best characterized interfacial enzymes.
THE KINETIC PARADIGM
Binding of substrate followed by catalysis is the key feature of catalytic turnover by all enzymes. This forms the basis for the well-established Michae Iis-Menten formalism for the analysis of solution enzymology. Interpretation of kinetics of action of enzymes on one-dimensional polymeric substrates such o Figure I Michaelis-Menten kinetic scheme for interfacial catalysis. All enzyme species at the interface are shown in the box and are designated with an asterisk. S. P. and I designate substrate, products, and competitive inhibitor, respectively. The enzyme in the aqueous phase is designated E.
as DNA or RNA (e.g. see 2, 3) or on two-dimensional surfaces such as membranes or micelles (e.g. see 4) requires consideration of additional kinetic and structural data. The minimum modification of the Michaelis-Menten for malism that appears to be adequate for analyzing most of the features of interfacial catalysis is the incorporation of an additional equilibrium that de fines the relative fraction of the enzyme in the aqueous phase versus at the interface ( Figure 1 ). The enzyme in the aqueous phase (E) binds to the interface to give the enzyme at the interface (E"). E" can then bind a substrate molecule in its catalytic site to give the Michaelis complex E"S, which undergoes chem ical transformation to the enzyme/product(s) complex (E * P). After product dissociation, either E" can remain bound to the interface and catalyze another reaction or it can dissociate into the aqueous phase and then rebind in order to participate in further turnover. Thus, the values of the rate and equilibrium constants that define the E to E* step determine the processivity of the enzyme at the interface. Two extreme modes are possible; the lowest degree 0'£ pro cessivity is one in which the enzyme desorbs from the interface aftet each catalytic cycle (hopping mode), and the highest degree of processivity occurs when the enzyme leaves the interface-if at all-only after all of the substrate that the bound enzyme encounters at the interface becomes hydrolyzed (sc?ot ing mode). Based on this minimal kinetic picture, it is possible to make inferences about: (a) the structural motifs on the enzyme that recognize the interface; (b) the structural features of the enzyme that control binding and hydrolysis at the catalytic site; and (c) the effect of the change in the dimen sionality on the kinetic parameters. Such factors are considered in this review. The observed rate of most interfacial enzymes depends on the nature of the interface. The question of the biological relevance of such polymorphs as substrates is open ended. It may be emphasized at the outset, however, that although catalysis occurs at the interface, such effects are not necessarily due to a change in the intrinsic primary catalytic parameters of the enzyme (for which there is little evidence yet). Thus far, it appears that the organization and dynamics of the substrate interface (often called the "quality of the inter face") control the E to E" equilibrium, the size of the aggregate and the mole fraction of the substrate at the interface, and the effective exchange rates of the components (enzyme, substrate, product) between the coexisting interfaces.
Complexities in the observed steady-state reaction progress appear if the E to E· equilibrium and/or the exchange of substrate(s} and removal of product(s} between enzyme-containing aggregates and excess aggregates change with the reaction progress. Evaluation of the contributions of such factors requires a deeper understanding of the organization and dynamics of the interface (briefly reviewed below). A lack of appreciation of the role of such "physical" factors has caused considerable confusion in the interpretation of the kinetics of interfacial enzymes.
CRITERIA FOR INTERFACIAL CATALYSIS
There are probably at least several hundred interfacial enzymes, as they include most enzymes involved in lipid metabolism. Evidence for interfacial catalysis of the type discussed in the previous section has evolved largely from the study of lipolytic enzymes, and it is based on arguments along the following lines (reviewed in 4): (a) The concentration of solitary naturally occurring glycero lipids in the aqueous phase is very low «100 pM), and their rate of desorption from the interface into the aqueous phase is very slow. Therefore, water-soluble interfacial enzymes must associate with aggregates to gain access to their substrates. (b) The apparent rate of hydrolysis of lipid dispersions is signifi cantly altered by the presence of amphiphiles (other lipids, detergents, or organic solutes) at the interface (see e.g. 5, 6) . (c) Other factors such as thermotropic phase properties of lipids that modulate the organization, packing, and dynamics of the interface also modulate the observed catalytic rate (7).
For similar reasons, the surface pressure of lipid mono layers has a significant effect on the rate of interfacial catalysis (8) . (d) A suggestive, but not unequiv ocal, demonstration of the interfacial nature of catalysis comes from the ob servation of an increase in the reaction rate when the substrate concentration exceeds its critical micelle concentration. For example, the rates of sPLAr and lipase-catalyzed hydrolysis of short-chain phospholipids and triglycerides, respectively, dispersed as solitary monomers in aqueous solution, are often quite low, and the rates can increase by orders of magnitude when the con-centration of substrate is high enough to cause aggregation (9, 10) . (e) Finally, as elaborated in this review, a proof for the interfacial nature of enzyme reactions comes from elements of two-dimensional processivity (11) .
ORGANIZATION AND DYNAMICS OF GLYCEROLIPID AGGREGATES IN AQUEOUS DISPERSIONS
To understand interfacial catalysis, one needs to appreciate the organization and dynamics of lipid aggregates (summarized in Table 1 ) (12, 13) . Properties of aqueous dispersions of lipids are best understood in terms of their amphiphi lic character. Such dispersions exhibit polymorphisms determined by the ef fective relative sizes of the polar head group and the apolar hydrocarbon chains. The size, shape, and morphology of the aggregate and the dynamics of amphi philes depend on not only the concentration, composition, and structures of the amphiphiles but also environmental factors such as temperature, pH, and ionic strength.
Aqueous dispersions of naturally occurring phospholipids (cylindrical shaped) form bilayer-enclosed vesicles, and the properties of these aggregates do not change with their bulk concentration. Cone-shaped amphiphiles such as fatty acids, lysophospholipids, and short-chain synthetic phospholipids such as dioctanoyl phosphatidylcholine (PC) form micelles. Interestingly, bilayered vesicles are formed when fatty acids and lysophospholipids are added together in a 1:1 mixture (14) . Addition of a micelle-forming detergent above a certain mole fraction to vesicles of long-chain phospholipids leads to the destruction of vesicles and the formation of mixed micelles. Other polymorphs have been described such as rods, discs, lipoprotein particles, reverse micelles, and emul sions (13) . All of these aggregates are held together by noncovalent forces, and thus other amphiphiles can be incorporated with or without disrupting the overall morphology.
The important differences between micelles and vesicles are as follows (Table I) : Small vesicles contain from a few to several thousand phospholipids, whereas micelles are much smaller (typically 10-100 amphiphiles). The con centration of solitary phospholipids in the aqueous phase in equilibrium with vesicles is very low «100 pM), compared to IlM to mM amounts for micelles. The lateral diffusion coefficient for phospholipids in bilayers is about 10-9 cm 2 S-I, which means that the rate of lateral diffusion-limited access of substrate to a membrane-localized enzyme would be >200,000 s-I (surface fraction)-l (4), i.e. in order for the enzymatic turnover to be limited by lateral encounter with substrate� the turnover number must exceed this value. In vesicles the rates of the fusion without an inducing agent or intervesicle exchange and transbilayer flip-flop of phospholipids are negligibly small (half-times> 10 hours). With mixed micelles, transfer of long-chain phospholipids between micelles occurs on a time-scale of seconds (15) , even though half-times for intermicelle exchange of detergent and short-chain amphiphiles is of the order of 10-4 s (16). Since long-chain phospholipids do not desorb from micelles into the aqueous phase, intermicelle exchange requires collision-dependent fusion of micelles to give transient particles in which phospholipid exchange occurs followed by fission to re-form stable mixed micelles. The importance of such differences between vesicles and micelles to the analysis of interfacial enzymes is discussed below. Most amphiphiles form mono layers at the air-water interface. Monolayers offer the ability to vary the surface pressure and thus the surface density of phospholipids. With medium chain-length amphiphiles, the rate of reactions catalyzed by interfacial enzyme can be monitored as the products leave the interface (8) . The monolayer system is problematic in some respects, how ever. Not only is it difficult to establish the fraction of total enzyme at the interface, which is expected to be small because of the relatively large volume of the aqueous phase compared to the surface area of the interface, but the adsorption of the enzyme on the walls of the trough can be significant. Thus, the effective rate of catalytic turnover in monolayers is orders of magnitude smaller than that at other interfaces. Although the intrinsic rate of exchange of solute between the phospholipid monolayer and the aqueous solvent can be quite fast, the overall transfer of solute or enzyme added from the bulk aqueous phase to the monolayer requires minutes because of the presence of an unstirred solvent layer (about 1000 nm thick) in contact with the morio layer (4) . Depending on the trough geometry, such factors can cause a lag of several minutes in the onset of lipolysis. It is also difficult to evaluate the effect of surface pressure on the partitioning and kinetics of the various processes that control the distribution of not only the enzyme at steady state but also the products.
CONCEPTS OF INTERFACIAL CATALYSIS

Interfacial Versus Ca talytic Site Binding
According to Figure 1 , the binding of the enzyme to the interface and the binding of a single substrate in the catalytic site are distinct processes. This implies that the enzyme has a surface that contacts the interface that is topo logically distinct from the catalytic site. Experimental proof for this two-step binding is presented below in the case of sPLA 2 . Such considerations lead to the concept of a neutral diluent, which is defined as an amphiphile that has no affinity for the catalytic site of the enzyme but forms an organized interface to which the enzyme can bind. Thus the enzyme bound to an interface of neutral diluent has its catalytic site filled with solvent. Neutral diluents are powerful tools for analyzing interfacial enzymes as will become apparent in discussions below.
Bulk Versus Suiface Concentration of Substrate
It is apparent from Figure 1 that the bulk substrate concentration (moles per unit volume) controls the E to E* equilibrium, whereas the surface concentra tion of substrate (moles per unit surface area of interface) controls the E* to E*S eqUilibrium. Equilibrium constants describing these two processes cannot be compared because they have different units; they may be normalized, however, by use of a thermodynamic box as is described later. For aggregated substrates, the bulk concentration can be expressed in terms of moles of substrate at the interface per unit volume or in terms of moles of aggregate per unit volume if the aggregation number of the particle is known. For the former, only those substrates at the interface that the enzyme "sees" should be considered. For example, in a bilayer vesicle, the enzyme may never see the substrate on the inner monolayer, and even less of the interface is seen by the enzyme if the vesicles are multilamellar.
In contrast to reactions in solution, interfacial reactions do not take place in dilute solution. As a consequence, non-ideal effects may play a role such that the dissociation constant for a complex of E* with a catalytic-site ligand could change as the composition of the aggregate changes during the course of the reaction. What is a useful measure of concentration in the interface is determined primarily by the entropy of interface mixing. For an ideal solution this would imply that the mole fraction is the best choice for all concentrations. Although the interface is probably not an ideal solution, this seems to be the most useful alternative. When constituents of the interface are similar in size, the mole fraction in the interface is equal to the occupied surface fraction.
The Environment of All Enzymes Must Be Considered: Global Versus Local Steady States
An experimentalist is almost always forced to make kinetic measurements with a large number of enzyme molecules (ensemble) because of the limited sen sitivities of the assays (there are rare exceptions such as the measured conduc tance of a single ion channel in a patch clamp experiment). In solution enzymology, it is axiomatic that all enzymes in the ensemble see the same average solution composition. This is a key assumption in all steady-state kinetic modeling that permits kinetic expressions in terms of the bulk substrate. product, inhibitor, and activator concentrations. This assumption is valid be cause in solution enzymology the mixing of components by Brownian motion throughout the bulk solution is usually fast on the time-scale over which a substantial change in the concentrations of components in the vicinity of an enzyme molecule occurs. If this were not the case, there would be regions of solution in which the concentrations of components were different, and en zymes in each region would respond to, for example, different extents of substrate depletion and product inhibition. Since only total concentrations of species in solution are measured, it would not be easy to extract the funda mental quantities that describe the interaction of the enzyme with substrates (KM), products (Kp), or inhibitors (K,), as well as the underlying rate constants.
In interfacial enzymology, all enzymes may not necessarily be in the same average environment. In situations in which the enzyme partitions between the interface and the aqueous phase, one must consider only the fraction of enzyme at the interface where catalysis occurs. Enzyme bound to a phospholipid vesicle may remain there for some time and then dissociate and rebind to a new interface. The compositions of vesicles that have had or have bound enzyme and those that have never made contact with enzyme will be different, and thus the vesicles provide different environments in which enzymes exist. Thus, it is necessary to consider the local steady state that describes the behavior of the enzyme acting in a single substrate aggregate. In contrast, the global steady state includes ensemble-averaged rate constants for the exchange of enzymes, substrates, and products between the different aggregates that exist in the entire reaction mixture. Interfacial enzymatic processes are too complex to analyze if the local and global steady states are convoluted with each other. In the next section strategies are described for constraining the system so that the primary rate and equilibrium parameters shown in the box in Figure 1 can be extracted.
After all, these quantities describe the action of the enzyme at the interface where the lipolysis occurs and relate to the structural features of the substrate and enzyme.
ANAL YSIS OF INTERFACIAL ENZYMES IN THE SCOOTING MODE
Coalescence of Local and Global Steady States
To extract the primary rate and equilibrium constants that describe the action of an interfacial enzyme at the interface, it is necessary to establish four experimental constraints on the system. The most important constraint is that the enzyme must remain bound to the vesicle interface during the time-course of the interfacial reaction. More precisely, the residence time of the enzyme at the interface must be longer than the period over which the reaction is analyzed. For example, if the entire reaction progress is to be monitored, the enzyme should not leave the interface of a vesicle before all of the available substrate (in the outer layer of the vesicle) has been hydrolyzed. Such virtually infinitely processive behavior has been termed interfacial catalysis in the scooting mode (11) . The second requirement is that the substrates and products This is probably the result of the fact that equimolar dispersions of the products of sPLA2 hydrolysis, fatty acid and lysophospholipid, form bilayered vesicles (14) . Even if this were not the case, however, one could use a system composed of an enzyme-resistant, vesicle-forming amphiphile, such as a diether phos pholipid, containing a small mole fraction of hydrolyzable substrate. Thus, this required constraint on the vesicle system is achievable with virtually any interfacial enzyme. Two additional constraints are that the vesicles must have a narrow size dispersity and that the vesicle to enzyme ratio must be greater than 5 or so (see below, however); this latter requirement ensures that enzyme containing vesicles contain at most one enzyme.
Consider the simplification of the system if all of the above constraints are imposed. As time progresses, all enzyme-containing vesicles will behave iden tically. When one such vesicle is say 50% hydrolyzed and the enzyme on this vesicle is experiencing a certain degree of substrate depletion and product inhibition, an enzyme in another vesicle is experiencing the same environment.
This is true only if the vesicles have the same size, because for a given amount of lipolysis, the mole fraction of components depends on the number of substrates per vesicle. Experimentally, one determines the total product formed from all of the enzyme-containing vesicles, but this is equivalent to determining the product formed in each vesicle. In short, within these constraints in the scooting mode, the distinction between local and global steady states is no longer operative (18) .
Not all of these requirements need to be met if only the initial reaction velocity is sought. Such information is useful in determining the substrate preferences of an interfacial enzyme or in the analysis of inhibitors as is discussed below. Thus, if the reaction is measured over a short time period such that the mole fraction of substrate in the vesicles remains close to its initial value (unity for a vesicle composed purely of substrate), it is not required that there be only one enzyme per vesicle or that the vesicles be of the same size. If there is adequate substrate in the aggregate such that intervesicle substrate exchange is not required to maintain the substrate mole fraction at a nearly constant value, then such exchange is of no consequence. If substrate and product exchange is required to maintain a constant substrate level, how ever, then the rate of such exchange must be faster than the rate of substrate depletion by the enzyme; otherwise the observed kinetics will reflect the substrate exchange rather than the catalytic properties of the enzyme. As is discussed later, such a concern about substrate replenishment is critical when studying the action of interfacial enzymes on small substrate aggregates such as micelles, where substrate depletion occurs rapidly.
Consider the complexity of the system if the enzyme hops from one vesicle to another. At some point in time an enzyme may leave a vesicle and bind to one that has not seen an enzyme previously. This enzyme experiences no substrate depletion or product inhibition; it is effectively at time zero. Thus intervesicle exchange of enzyme leads to time scrambling, which makes kinetic analyses difficult to say the least. Of course the same problem arises if either the substrates or products undergo inter-aggregate exchange, except as noted above. Additional complexities arise if the enzyme is not tightly bound to the interface. The fraction of enzyme at the interface may depend on the compo sition of the vesicles, and since the composition is altered by the action of the enzyme there may be a time-dependent shift in the E to E· equilibrium with an accompanying change in the steady-state reaction velocity. This is never a concern, of course, in solution enzymology.
It is also possible to imagine a situation in which the enzyme displays low processivity and thus leaves the vesicle after a few turnovers. In this way all of the vesicles become hydrolyzed in a synchronous fashion, avoiding time scrambling. Such a mode is discemable if the reaction progress curve shows no sign of substrate depletion under conditions in which only the enzyme is undergoing intervesicle exchange. Analysis of sPLA2s in this fast-hopping limit leads to other problems, however, as is discussed later.
The constraints on the system summarized in this section may seem a bit artificial. Does the enzyme scoot in an in vivo setting or onl y in the hands of the interfacial enzymologist? The point is really that the lipolysis reaction occurs at the interface by the enzyme at the interface. The primary rate and equilibrium parameters (steps within the box of Figure 1 ) obtained experimentally by constraini n g the system are just as applicable to the action of the enzyme under conditions in which it spends less time at the interface, as long as the enzyme remains at the interface long enough for E·, E·S, and EOp to reach a steady state (which is typically msec for most enzymes). It will become apparent in this review that the quantitative analysis of, for example, substrate preferences and inhibitors of interfacial enzymes in the scooting mode yields quantities that are applicable to the action of the enzyme under any degree of processivity.
Interfacial Steady-State Rate Equations
The initial velocity per enzyme, Vo, for the hydrolysis of vesicles in the scooting mode is given by Equation 1 (19).
1.
This is the familiar Michaelis-Menten rate equation except that the Michaelis constant, K*M , and substrate concentration, X s , are in units of mole fraction; thus, J�M is the mole fraction of substrate at the interface that gives the half-maximal reaction velocity. Since X s cannot exceed unity, it is possible to imagine an interfacial enzyme for which K"M > 1, and thus E" is never saturated with substrate.
The entire reaction progress curve for the hydrolysis of a monodisperse population of vesicles under the scooting mode condition and with at most one enzyme per vesicle is given by the integrated Michaelis-Menten equation (19) :
Here, P, is the product formed at time I, and P max is the maximum possible product formed in the scooting mode, which is simply the number of enzymes times the number of substrates in the outer monolayer of a vesicle, N s . The constant k; is given by Equation 3:
Here, KP is the interfacial dissociation constant for the E"P complex in units of mole fraction. Thus, when the mole fraction of P in the interface is KP, the ratio E"'E"P is unity. The reaction progress curve as dictated by Equation 2 has a mixture of first-order and zero-order components. Depending on the kinetic parameters and the size of the vesicles (Ns), one of these components may dominate the observed kinetics. With small vesicles, the mole fraction of substrate drops more quickly than with larger vesicles, and the progress curve takes on a fi rst-order appearance earlier in time (velocity decreasing at each point in time). With large vesicles, the reaction velocity remains approximately constant for several minutes (zero-order kinetics). This is analogous to solution enzymology, where the shape of the reaction progress curve depends on the total amount of substrate.
Neutral Diluents and Interfacial Equilibria
A complete analysis of an interfacial enzyme requires the determinations of a number of equilibrium constants that describe the interaction of the enzyme with ligands. Many of the constants describe processes that occur at the interface (for example E" + S H E"S). Thus, one needs a neutral diluent (defined above) to provide a matrix in which E" exists. Ligands (L) that bind to E' can be added, and the amount of E"L complex can be detected by spectroscopic or chemical means (examples given below for sPLA2). From an analysis of the E"/E"L ratio versus the mole fraction of L at the interface of a neutral diluent, one can obtain the equilibrium dissociation constant for the E*L complex, Kt, in units of mole fraction. Since a neutral diluent, by defini tion, has no affinity for the catalytic site of E*, L and neutral diluents do not compete with each other for the binding to E*, thus Kt depends, to a first approximation, only on the structure of L. It should be mentioned, however, that Kt is not always completely independent of the structure of the neutral diluent; KL depends not only on the free energy of interaction of the ligand with E* but also on the free energy of interaction of the free L with its environment (in this case the neutral diluent aggregate), and this latter inter action can, in general, depend on the structure of the neutral diluent (20) .
Competitive Inhibition of Interfacial Enzymes
Catalytic site-directed inhibitors of interfacial enzymes can function in ways analogous to those observed with soluble enzymes, i.e. by forming dead-end enzyme-inhibitor complexes. A competitive inhibitor is one that binds to the catalytic site of E* and prevents substrate binding. Its effect on the initial reaction velocity in the scooting mode is described by Equation 4: vO -f:;;:
Here, v8 and vh are the initial velocities measured in the absence and presence of a competitive inhibitor, respectively, XI is the mole fraction of inhibitor at the interface, and Kj is the equilibrium dissociation constant for the EO] com plex (in units of mole fraction). Equation 4 is the standard equation for com petitive inhibition adapted for interfacial catalysis in the scooting mode.
LOW -MOLECULAR-WEIGHT SECRETED PLA2s
For more than four decades sPLAzs (Mr == 14,000) enzymes have served as prototypes for the study of interfacial catalysis (5, 8, 9, 18, 21) . This class of water-soluble, calcium-dependent enzymes associates with organized inter faces and hydrolyzes the sn-2 ester of glycerophospholipids to produce a fatty acid and a lysophospholipid (22) . More than 100 evolutionarily related en zymes (23) have been isolated from pancreatic juice, venoms (snake, insect, lizard), inflammatory exudates, specific tissues, and blood cells. Amino acid sequences are available for most of these (24, 25) .
The roles of sPLAzs in signal transduction and inflammatory processes have been extensively investigated (for reviews from 1990 onward, see [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Previous reviews on the in vitro properties of purified sPLAzs include those on structure/function (9, 21, 25, 27, (46) (47) (48) (49) , interfacial recognition (50, 51), interfacial kinetics (4, 18, 52-56), and inhibition (32, (57) (58) (59) (60) (61) . Elements of these reviews, structural studies, and more recent data that relate to the fu n-damental concepts of interfacial catalysis described in the first part of the present review are summarized in this section.
Molecular Structure
High-resolution X-ray structures are available for several sPLA2s, both in free form and complexed to catalytic-site inhibitors (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) . The molecular struc tures of sPLA2s give a clear picture of why binding of these enzymes to the interface and loading of their catalytic sites with a single phospholipid mole cule are distinct processes. The enzyme contains a catalytic-site slot that extends all the way through the globular structure ( Figure 2) . The phospholipid substrate must travel about 15 A into the slot to reach the catalytic network.
The substrate's acyl chains contact hydrophobic amino acids that line the walls of the slot, some of which have been shown by mutagenesis to be important for substrate binding (73) , and the polar head group protrudes out of the far end of the slot and into solvent. It is thought that the collar on the surface of the protein that surrounds the slot opening functions as the interface binding surface (i-face). Spectroscopic studies show that tryptophan-3 of porcine pan creatic sPLA2 (pp-PLA2), which lies on the i-face, makes direct contact with the interface, and is not in contact with bulk solvent when the enzyme is bound at the interface (74-79). Thus, the enzyme probably forms a water-tight seal with the interface, which presumably allows a single phospholipid molecule to dislodge from the plane of the bilayer and travel into the enzyme's catalytic site slot. In this way the substrate alkyl chains never come in contact with bulk solvent, and this presumably facilitates the movement of substrate (50, 66) . Also, the residues of the i-face are in an ensemble of conformations (80) , and a conformational ensemble may be effective in accommodating diverse mo lecular structural and organizational features of the interfaces that sPLA2s may encounter. These structures suggest that phospholipids that cannot dislodge from the bilayer will not be good substrates for sPLA2s. Indeed, topologically restricted or polymerized phospholipids are poor sPLA2 substrates (81) (82) (83) .
Interestingly, the recently sol v ed X-ray structure of prostaglandin H2 syn thase-I reveals an architecture that is grossly reminiscent of that of sPLA2s (84) . The synthase has a membrane-binding appendage that is at the opening of a long channel leading to the catalytic metallo-porphoryin cofactor. The arachidonate substrate presumably dislodges from the membrane and travels down the enzyme's channel.
The X-ray structures of numerous sPLA2s reveal that the catalytic ma chinery is conserved. The catalytic site contains an aspartate-histidine-water catalytic triad that is analogous to the triad found in serine proteases except that the serine is replaced by a water molecule hydrogen bonded to the im idazole ring. It has been proposed that this water is the attacking nucleophile and that the tetrahedral intermediate formed from the substrate's sn-2 ester is liganded directly to calcium (9, 66) . The functions of the conserved catalytic site residues have been probed by mutagenesis (78, (85) (86) (87) (88) (89) (90) .
Ca talytic Parameters of pp -PLA2 in the Scooting Mode
In 1986 it was shown that pp-PLA2 catalyzes the hydrolysis of vesicles of the anionic phospholipid 1,2-dimyristoyl phosphatidylmethanol (DMPM) in the highly processive scooting mode (1 1). Thus, in the presence of excess vesicles over enzymes, only a fraction of vesicles are hydrolyzed because the enzyme cannot hop from one vesicle to another. Also, enzyme bound to vesicles of the anionic diether phospholipid 1,2-ditetradecyl phosphatidylmethanol does not hydrolyze vesicles of DMPM added subsequently. This work set the stage for a detailed kinetic analysis of interfacial catalysis according to the scheme in Figure 1 (19, 91-96) . All of the constraints discussed above that are neces sary for interpreting the entire reaction progress curve have been established with the pp-PLA2IDMPM system. Thus, it is possible to describe the reaction analytically without intervesicle exchange of enzyme, substrates, and products, without collapse or fu sion of vesicles, with at most one enzyme per vesicle, and with vesicles of uniform size.
It was shown by ' the following criteria that the amphiphile rac-2-hexadecyl sn-glycero-3-phosphocholine (2H-GPC) is a neutral diluent for pp-PLA2 (93).
Auorescence spectroscopy was used to show that the enzyme binds to 2H-GPC micelles. Phenacyl bromides, which alkylate the catalytic-site histidine residue of pp-PLA2 (97), inactivate the enzyme in aqueous solution or bound to 2H-GPC micelles with the same kinetics, indicating that 2H-GPC does not occupy the catalytic site. The binding of catalytic-site ligands causes a pertur bation of the UV spectrum of tryptophan-3 (9, 80), and such a spectral change 669 is not seen with enzyme bound to 2H-GPC micelles. Thus, E, E*, and E*L can be characterized unequivocally (80) . The rate and equilibrium constants that describe the action of pp-PLA2 on DMPM vesicles are listed in Figure 1 .
gives Vo = 320 S-I and kNs = 35 S-I. The equilibrium dissociation constant for the complex E·P, Kp = 0.025 mole fraction, was obtained by measuring the protection of the catalytic site from alkylation by phenacylbromide afforded by adding products (I: 1 mixture of fatty acid and Iysophospholipid) to enzyme bound to micelles of the neutral diluent 2H-GPC; when the mole fraction of products at the interface equals Iq., the half-time for enzyme alkylation is doubled. Through use of the same approach, Kj values for several catalytic-site competitive reversible inhibitors were determined.
Addition of inhibitors to DMPM vesicles decreases the initial reaction velocity, vo, which depends on K"M, Kj, and XI according to Hydrolysis of DMPM vesicles by pp-PLA2 in oxygen-18 water gives myristate with only a single oxygen-18 (92) . A lack of doubly labeled fatty acid is also seen in the hydrolysis of phospholipidlfriton X-100 mixed micelles by cobra venom sPLA2 (99) . Thus, once the sn-2 ester is hydrolyzed, the fatty acid and lysophospholipid products are released without resynthesis of the sn-2 ester. This establishes that k2 » k_2 and k3 » k_2• Substitution of the sn-2 carbonyl carbon with 14C results in a significant primary kinetic isotope effect of 1.12 ± 0.02 for the hydrolysis of phos pholipidlI'riton X-100 mixed micelles by cobra venom sPLA2, whereas the isotope effect vanishes during the hydrolysis of radiolabeled DMPM vesicles by cobra venom and pp-PLA2 (92) . This result shows that the ratio of rate constants k2/k-io also known as the forward commitment to catalysis (100, 101), is » 1. Thus the general expression for kc a t IK*M = klk2/(k_1 + k2) becomes approximately kca/KM = kl> which has a value of 1350 s-I using the values of kc at and KM determined previously. The rate constant for the dissociation of substrate from the E"S complex is not known accurately. An estimate comes from the value of the equilibrium dissociation constant for the complex of E" with the diether phospholipid substrate analog 1,2-ditetradecyl phosphatidylmethanol, KS = 0.025, obtained by the protection from alkylation method (93) . Thus, since KS = k_I/kl> an approximate value of k_1 == 35 s-I is obtained.
According to Figure 1 , kc a t = k2/(l + k'1lk3)' Thus if the chemical step is rate limiting, k ca t approaches k2' whereas if product release is rate limiting, kc a t approaches k3• To investigate this issue, the hydrolysis of sn-2 thiolester phospholipid analogs were studied. It was anticipated that the substitution of sulfur for oxygen at the sn-2 position would alter k2 more than k3' and the effect of this element substitution on the overall value of k cat was studied (96) . For example, bovine pancreatic sPLA2 hydrolyzes vesicles of the 1,2-dithiolester analog of DMPM in the scooting mode with a Vo that is fivefold lower than the hydrolysis of the oxy-ester. Sulfur substitution does not affect the affinity of E" for reaction products (KP), however. Since it is unlikely that sulfur substitution changes the rate constants for the formation and dissociation of the E*P complex by the same factor, the element effect is primarily due to a change in the rate of the chemical step (k2)' The fivefold element effect is also seen with various catalytic site mutants that have greatly diminished values of vo; this suggests that the chemical step is fully rate determining for maximal turnover by Wild-type and mutant enzymes.
To the best of our knowledge this is the first determination of the interfacial Michaelis-Menten rate and equilibrium parameters for a lipolytic enzyme. Interestingly, the value obtained for the Michaelis constant, K * M == 0.3 mole fraction, is close to the substrate concentrations that the enzyme "sees" in the vesicle. It has often been stated that lipolytic enzymes are difficult to inhibit because they are immersed in an array of highly concentrated substrate mol ecules and thus will always operate at saturation (E" close to 0). Clearly, there is no basis in fact for such concerns.
When pp-PLA2 operates on pure vesicles of DMPM, most of the enzyme is in the E"S form and turnover is limited by the esterolysis step and not by the dissociation of products or the diffusion of substrates into the catalytic site of the enzyme. When the substrate mole fraction drops below K*M' the turnover number is k cat IK*M' and this is equal to the rate constant for the E" + S � E"S step (k] == 1350 S-I). This step is not limited by two-dimensional diffusion of the substrate to the mouth of the catalytic-site slot, and it may be limited by the dislodgement of the phospholipid from the plane of the membrane.
It was found that 18 different sPLA2S from pancreas and venoms all display scooting mode behavior on DMPM vesicles (95), suggesting that most, if not all, sPLA2s are able to bind tightly to anionic vesicles. Bovine pancreatic sPLA2 and its mutants (73, 78) and the human nonpancreatic sPLA2 that plays a prominent role in inflammatory processes (lO2) have been subjected to the same type of analysis as that just described for the pp-PLA2.
Role of Ca lcium
Ca 2 + is required for the catalytic activity of sPLA2s on all forms of substrates (9, 21). X-ray crystallographic studies place the Ca 2 + surrounded by a loop of polypeptide chain in the catalytic site, where it promotes the binding of phos pholipid analogs (66) (67) (68) (69) . Based on these structures, the following roles of the metal cofactor are suggested. The Ca 2 + is directly bonded to one of the non bridging oxygens of the sn-3 phosphate, and thus the metal forms part of the substrate-binding site. Ca 2 + is also thought to interact directly with the carbonyl group of the sn-2 ester and the oxyanion of the putative tetrahedral intermediate that forms during catalysis.
The role of Ca 2 + in catalysis by sPLA2s has been studied for several years, but only recently has the problem been resolved (98) . The difficulty lies in the fact that Ca 2 + may promote interfacial binding of enzyme by altering the E to E· equilibrium or by altering the E· to E·S equilibrium (which will alter the position of the E to E· step because the equilibria are coupled), or by a combination of both. The use of a neutral diluent makes it possible to measure the effect of Ca 2 + and other metal ions on the individual equilibria (98 A. halys blomhoffii, T.flavoviridis, and three different cobra venoms for mono dispersed n-alkylphosphocholines (8-14-carbon n-alkyl chains) (lO6-1 09). These results, showing an apparent calcium-independent binding of substrate and substrate analogs to the catalytic site of sPLA 2 s, seem paradoxical in light of the X-ray structures and studies with neutral diluent discussed above. Further studies are needed to understand these discrepancies fully.
The affinity of pp-PLA 2 for micelles of the substrate analogs n-alkylphos phorylcholine (12-16-carbon n-alkyl chains) requires Ca2+ at alkaline pH but not at neutral pH (74, llO); it is not clear, however, if the E to E'" or E'" to E*S equilibrium is being affected. Apparently one effect of enzyme-bound Ca2+ is to increase the pKa of the cxNH3 + group of the N-tenninal alanine. This group lies at the end of an ex-helix that is a major portion of the i-face, and this helix is stabilized by interaction of the N-terminal cxNH3+ group with the catalytic network involving Ca2+. Thus, the enzyme binds to micelles in the absence of Ca2+ only when the pH is below the pKa of the cxNH 3 + group (pKa = 8.4) (74, llO). Micellar binding is seen at higher pHs only when Ca2+ is present, presumably because the pKa of the N-terminal alanine is shifted to 9.3. The affinity of pp-PLA2 for micellar n-alkylphosphorylcholines (14-16-carbon n-alkyl chains) is moderately increased « fivefold) in the presence of 100 mM Ca 2 + (111). Multiple effects may be occurring with such a high metal concen tration. The problem is compounded by the fact these amphiphiles have a significant affinity for the catalytic site [Xi = 0.65 (80)].
Substrate Sp ecificity
The literature is full of improper analyses of PLA2 substrate specificity, and the problem is even worse with interfacial enzymes. Substrate specificity can only be interpreted in terms of Equation 5 , which gives a measure of how good one substrate is versus another, or more precisely what is the relative velocity of two substrates (S 1 and S2) when both are present in the reaction mixture at equal concentration.
5.
According to Equation 5 , such specificity is given by the relative kca/KM values for the two substrates. Equation 5 transcribes to the analysis of interfacial enzymes as long as the enzyme operates in the scooting mode; in this case it is the interfacial kcat and K* M values that are relevant.
Substrate specificity studies of interfacial enzymes are often carried out by comparing the velocities of hydrolysis of aggregates of different pure phos pholipid species. Such an approach makes the results difficult to interpret because they reflect both the specificity of the enzyme at the interface (Equa tion 5) and the differences in affinities of the enzyme for different aggregates (E to EO). The latter can be measured by direct binding studies, and the former can be measured by allowing the enzyme to operate in the scooting mode on vesicles containing competing substrates (91) .
Analysis of the substrate specificity of pp-PLA2s, Naja naj a naja sPLA2 and the sPLA2 from human inflammatory exudate has been carried out in a competitive fashion in which both 3 H_ and 14C-Iabeled phospholipids are present in DMPM vesicles, and the enzyme is allowed to "choose" between them while operating in the scooting mode (91) . The results show that sPLA2s do not discriminate significantly « fivefold) among phospholipids with dif ferent naturally occurring polar head groups or between saturated versus un saturated fatty acyl chains (91, 102, 1 12) . A completely different and erroneous picture would be obtained if absolute reaction velocities on vesicles of different pure phospholipid species were compared. The sPLA2 from inflammatory exudates is reported to hydrolyze I-palmitoyl-2-arachidonyl-sn-glycero-3-phosphoethanolamine in DMPM vesicles sevenfold faster than the analogous PC (113) . Such studies were carried with only one substrate present at a time in the vesicles, and therefore the relative velocities obtained are not an accurate representation of the substrate specificity. Indeed when both substrates are present in DMPM vesicles and compete with each other for hydrolysis by the enzyme, no discrimination between them is observed (102) . Likewise, the reported faster rates of hydrolysis of phosphatidylethanolamine (PE) versus PC vesicles by the same enzyme do not reflect the intrinsic specificity (114; 115) . Naja naja naja venom sPLA2 hydrolyzes PC present in Triton X-loo mixed micelles lO-fold faster than PE in the same detergent, whereas PE is about 2-fold preferred when mixed micelles containing both substrates are hydro lyzed (116, 117) . The relatively poor activity of the cobra venom enzyme on PE mixed micelles is not simply due to differences in the E to E$ eqUilibrium, since such specificity differences are seen in the presence of a sufficiently high bulk concentration of mixed micelles such that the velocity is maximal (118) . Apparently, other factors contribute to the differences in rates.
Inhibitors
Competitive inhibitors of sPLA2 bind to the catalytic site of E$ and block the binding of substrate. In evaluating reports of inhibitors of lipolytic enzymes, it is important to keep track of the mole fraction of inhibitor in the substrate aggregate. For example, an inhibitor with a reported IC50 value of 1 �M suggests a high degree of potency, but if the substrate concentration in the assay is also in the �M range, the inhibitor may make up a significant fraction of the aggregate, and the E to E$ equilibrium could be altered in favor of E.
In this case, the compound is a nonspecific inhibitor, since it does not function by selective binding to the enzyme. Examples of such inhibitors include mepa crine, indomethacin, aristolochic acid, and others (93) . Thus, the mole fraction of inhibitor at the interface is the relevant quantity, since this is what the enzyme at the interface "sees." If the inhibitor exists mainly in the aqueous phase and binds to E$ in a way that prevents the binding of substrate, the degree of inhibition will also correlate with the bulk concentration of inhibitor. The use of the scooting mode analysis is advantageous in this context since the enzyme remains tightly bound to the interface even when solutes are added to the bilayer up to 20 mole % (93, 119, 120) .
Tight-binding sPLA2 inhibitors (ICso < 0.05 mole fraction) include phos pholipid analogs in which the sn-2 ester has been replaced with an amide (121-126), a phosphonate (102, 120, (127) (128) (129) (130) , a difluoromethylene ketone (131), or a sulfonamide (132) . Inhibitors whose structures show less resem blance to naturally occurring phospholipids include fatty acid amides (133), phosphate diesters (134), phospholipid analogs containing an sn-2 amide and an sn-3 carboxylate replacing the polar head group (135) , substituted N,N-bis carboxymethyl anilines (136), a triterpenoid from pink peppercorn berries (137) , fungal secondary metabolites thielocin Al� and B3 (138, 139) , and spiro-ketals (140).
Besides phenacylbromides, which alkylate the catalytic histidine, other inhibitors such as alkylbenzoylacrylic acids (141) and phospholipid analogs containing an sn-2 p-nitrophenyl glutaryl chain (142) cause covalent inactiva tion of sPLA2s. The terpenoids monoalide and scalaradial isolated from sea sponges inactivate sPLA2 by reacting with lysine residues (143) (144) (145) (146) (147) (148) . Manoal ide-modified sPLA2s retain their abilities to bind to vesicles but have dimin ished turnover numbers in the scooting mode, possibly because the i-face is not fully desolvated (149) . It is generally accepted that lipocortins (anexins), once thought to be the PLA2 inhibitory factor induced by anti-inflammatory glucocorticoids, inhibit the action of sPLA2s in vitro by binding to the interface and blocking access of the enzyme (150) .
It is also possible to imagine an inhibitor that binds to the catalytic site of enzyme in the aqueous phase. If the Ef complex is still able to bind to the interface and if the E·f complex is not stable such that inhibitor readily dis sociates, perhaps by favorable inhibitor-interface interaction, such a compound will obviously be a poor inhibitor of interfacial catalysis. Thus, it makes the most sense to analyze competitive inhibitors under conditions in which the enzyme is operating at the interface (see 151 for a detailed discussion of these issues). Additional problems arise in the analysis of inhibitors of sPLA2 in aqueous solution as is described in a later section. Agents that bind to the i-face of the enzyme in solution could effectively reduce the fraction of enzyme in the E· form. With small molecules, this type of inhibition is expected to be rare, since the interface probably makes contact with a large number of residues on the i-face (50) . Some of the sPLA2 inhibitory protein isolated from plasma of certain snakes probably works by this mechanism (see e.g. 152, 153).
In terfacial Activation
The reaction rate for the action of sPLA2s on water-soluble short-chain phos pholipids often increases dramatically when the substrate aggregates as its concentration approaches the critical micelle concentration (9) . Such modula tion of catalytic behavior by the interface, called interfacial activation, could occur either by an increase in substrate affinity (K s type) or the rate of the chemical step (kcat type). The first of these possibilities has been investigated in the context of the thermodynamic box shown below (154) .
Here, Kd and K� are the equilibrium constants for the dissociation of E and Ef, respectively, from the interface, KJ and IG have their usual meanings, and K is [/]/X!. For a variety of catalytic site-directed competitive inhibitors, it was found that the ratio Kd I K� = 40. i.e. inhibitor binding to the catalytic site stabilizes the binding of the pp-PLA2 to the interface by 40-fold. By microscopic reversibility, interfacial binding of enzyme must also stabilize inhibitor binding by the same factor. Thus there is allosteric modulation of the
enzyme by the interface of the Ks type, and this contributes to the phenomenon of interfacial activation. Insight into this allosteric modulation comes from recent high-resolution solution-state NMR of pp-PLA2 in solution and bound to micelles of dodecyl phosphocholine (155, 156) . Overall the structures of E revealed by NMR and X-ray diffraction are similar; however, in solution the first few residues of the N terminus are flexible, whereas in the crystal they are part of a rigid a-helix. In addition, the surface loop containing tyrosine 69 is more flexible for the solution enzyme. Upon micelle binding, the N-terminal residues Ala-I, Leu-2, and Trp-3 move closer together, as do Thr-52, Tyr-73, and Tyr-69. NMR of the E*[ complex formed after adding an sn-2 amide phospholipid analog reveals that the N terminus now adopts an a-helix, and the N-terminal amino group of Ala-l is now visible, which suggests that it is engaged in H bonding to the protein as seen in the X-ray structure. A conformational change in the N-ter minal helix is also seen in the X-ray structure of the human nonpancreatic sPLA2 when it binds an inhibitor (64) .
The next obvious question is whether k C81 for E and EO are the same or different. The NMR studies suggest that the catalytically most active state of E* is formed only when a phospholipid is bound in the catalytic site (156); this is not unequivocal, however. A cursory look at the observed rates in the presence of micellar versus monomeric short-chain substrates would suggest that the kca, for EO is significantly higher than that for E (8, 9) . There are several problems with this interpretation, however. Besides the obvious problems in measuring K*M at the micellar interface, there are some curious observations regarding the activity of the E form. For example, the apparent KM values for water-soluble substrates often do not depend on the calcium concentration (104, 105), nor do they correlate with the observed IC50 and K, values for inhibitors (157) . Unless such anomalies are resolved, it is difficult to interpret the apparent hyperbolic velocity versus substrate concentration curves that are seen for the action of E on short-chain substrates at concentrations below their critical micelle concentrations.
An additional mode of interfacial activation may also be considered. The interface could modulate the substrate conformation so that it is more acces sible to chemical action by the enzyme (158, 159) . At least for sPLA2s, this does not appear to offer any kinetic advantage, because the chemical step is rate limiting for interfacial catalysis in the scooting mode, as described earlier in this review. In addition, the conformations of the glycerol backbone in membrane phospholipids and of a phospholipid analog bound to the catalytic site of sPLA2s are similar (48, 69) .
KINETIC COMPLEXITIES AT INTERFACES
As will become apparent in the fo llowing section, the kinetic behavior of interfacial enzymes under conditions in which the constraints of the scooting mode are not satisfied is considerably more complex, often to the point that the primary rate and equilibrium parameters (Figure 1 ) cannot be resolved. Many of the problems can be appreciated now that interfacial catalysis has been described analytically in terms of Figure I .
In ter-aggregate Substrate Exchange and In teifacial Catalysis on Mixed Micelles
The reaction progress curve for the action of sPLA2 on small DMPM vesicles in the scooting mode is dominated by the first-order term in Equation 2, and thus the reaction rate continually decreases due to substrate depletion and product inhibition (19) . Under such conditions, agents that increase the rate of inter-aggregate exchange of substrate can cause apparent activation even though the agent may not interact directly with the enzyme. An example of this type of nonspecific activator is the cyclic cationic peptide polymyxin B, which does not interact with sPLA2s but causes rapid inter-aggregate substrate exchange (94) .
Long-chain phospholipids codispersed in detergent have been used to characterize interfacial enzymes including sPLA2s (6, 21) . The surface con centration of phospholipid in detergent micelles can be altered by varying the detergent/phospholipid mole ratio, and the bulk concentration of substrate can be varied by changing the number of mixed micelles at a fixed detergent/phos pholipid mole ratio. The effect of these changes on the kinetics of action of cobra venom sPLA2 on phospholipid-Triton X-tOO mixed micelles has been studied in detail (see e.g. 6, 118, 160) . The binding of cobra venom sPLA2 to Triton X-IOO micelles occurs only if phospholipid is present, and the velocity decreases as the mole fraction of phospholipid in the detergent decreases (surface dilution).
Besides the problems associated with non-ideal mixing and polydispersity of mixed micelles (4), a major concern with these systems is whether the local and global steady states are the same. Micelles are much smaller than vesicles (Table 1) , and thus enzyme-catalyzed depletion of substrate in enzyme-con taining micelles is fast, and intermicelle exchange of enzyme and/or substrate is required to maintain the reaction progress. For example, a typical lipolytic enzyme catalyzes > 100 turnovers per second. If a mixed micelle has 10 phospholipids, the substrate is 50% consumed in about 50 msec unless there is intermicelle exchange of components that is fast on the 50 msec time-scale. Thus the kinetics in micelles may reflect the rates of intermicelle exchange events rather than the kinetic properties of the enzyme. The following recent evidence indicates that this may be the case, at least for some mixed micelles (161) . Addition of more than 30 mole % detergents (bile salts, Triton X-IOO, lysophospholipids) to phospholipid vesicles leads to the disruption of bilayers and the formation of mixed micelles. Accompanying this change in morphol ogy is a > IO-fold drop in the sPLA2 reaction velocity. Spectroscopic studies show that this is not due to enzyme desorption from the mixed-micelle inter face, and the sudden drop in velocity indicates that the decrease is not due to surface dilution of substrate. In addition, studies in mixed micelles with sn-2 thiolester-containing phospholipids, which have served as tools to establish that the chemical step is rate limiting for the sPLArcatalyzed hydrolysis of vesicles in the scooting mode (discussed above), when present in mixed mi celles, are hydrolyzed at similar rates to those of oxy-esters. All of these results strongly suggest that lipolysis in mixed micelles is limited by a physical step such as the replenishment of substrate.
Mixed micelles have been used in the analysis of competitive inhibitors of sPLA2 (see e.g. 123, 126) . Although the enzyme may not be tightly bound to the interface, the likelihood that inhibition will result from a shin in the E to E · equilibrium is minimized if the mole fraction of inhibitor is kept low and the bulk substrate concentration is high. One can take a guess about the effect of rate-limiting substrate replenishment on the analysis of inhibitors: It is probably the case that the relative potencies of a series of inhibitors can be obtained from kinetic studies employing mixed micelles, but it may be difficult to extract the absolute Kj values. This is because the local substrate concen tration in enzyme-containing mixed micelles is lower than that calculated from the total amounts of components, and this leads to an overestimation of the potency of the inhibitor. Additionally, if the reaction velocity is partially controlled by intermicelle exchange of enzyme, the binding of inhibitor to enzyme will modulate the rate of depletion of substrate in the enzyme-con taining mixed micelle.
Intervesicle Exchange of Enzyme
If sPLA2 is operating in the hopping mode (low processivity), the rate ofturnover can be much slower than that in the scooting mode (high processivity), even if there is a sufficiently high bulk concentration of phospholipid to ensure that all of the enzyme is at the interface. This is because fast kinetic studies have shown that pp-PLA2 binds to vesicles in a two-step process consisting of a diffusion limited collision with vesicles to give E' followed by a slow first-order process (half-time of 0.2 s), which generates E· (162) . The second step probably involves the desolvation of the region of the interface and enzyme that contact each other. Catalysis occurs only via E*, possibly because in the absence of desolvation, it is difficult to dislodge the phospholipid from the plane of the bilayer into the catalytic site. Fast hopping implies that after the products are released from the catalytic site, E* is converted to E' at a rate that is comparable to or faster than the binding of new substrate to form E"S. Thus, the E' to E * conversion becomes a part of every few turnover cycles. Since the turnover numbers of sPLA2s in the scooting mode are fast (100-400 S-I), fast hopping is a very slow mode of interfacial catalysis. Furthermore, the measured rates obtained in the fast-hop ping regime will be a mixture of interfacial constants (steps within the box of Figure 1 ) with an indeterminate contribution from the rates for the E' to E· step; in the scooting mode, this step occurs only in the pre-steady state. The pro-en zyme form of pp-PLA2 contains a dysfunctional i-face and is a very slow lipase even if it is fu lly bound at the vesicle interface. This is probably because it is bound to vesicles in a fo rm that resembles E' more than E· and undergoes slow turnover in the hopping mode (4).
The phrase "quality of the interface" has been introduced to explain observa tions that the kinetics of hydrolysis of phospholipid aggregates by sPLA2s depends on the form of the substrate and the conditions of the assay (8) . Factors that alter the kinetics of sPLA2s include change in the temperature near the phase transition of the vesicles (7, 163) , the surface pressure of phospholipid monolay ers (8, 164) , incorporation of alkanols into the interface (5, 165) , and the ionic strength of the reaction mixture (166, 167) . As described below, the bulk of the evidence indicates that these effects are due to a change in the Eto E· equilibrium.
The reaction progress curves for the action of sPLA2 on vesicles under conditions in which the enzyme is not fully bound to the vesicles are complex. The binding of most, and perhaps all, sPLA2s to pure PC vesicles (zwitterionic interface) is orders of magnitude weaker than their binding to anionic vesicles, as shown by spectroscopic studies that directly monitor enzyme-interface interactions (4, 50, 75) . For example, numerous sPLA2s bind essentially irre versibly to vesicles of anionic phospholipids such as DMPM (95, 102) . The binding of Naja melanoleuca sPLA2 to PC vesicles occurs reversibly with a dissociation constant for the enzyme-vesicle complex of 5 JlM (expressed as lipid monomer concentration), and the binding of pp.PLA2 and human sPLA2s to zwitterionic vesicles is hardly detectable even with mM amounts of lipid (75, 95, 102) . Addition of anionic amphiphiles such as reaction products (1:1 mixture of fatty acid and lysophospholipid), anionic phospholipids, or sodium dodecylsulfate but not cationic amphiphiles to PC vesicles or mixed micelles leads to enhanced rates of lipolysis as well as a shift in the E to E" eqUilibrium (91, 95, 102, (168) (169) (170) .
Based on these results, it is apparent that the complexity of the reaction progress curves fo rthe hydrolysis of zwitterionic vesicles is due in part to the fact that as the reaction proceeds, alteration in the composition of the interface by the reaction products will shift the E to E' equilibrium with a concomitant increase in the reaction velocity. This hypothesis for apparent activation is supported by multiple lines of evidence (4, 75, 168) . The initial velocity for the hydrolysis of dimyristoyl PC vesicles by pp-PLA2 is slow, and the reaction accelerates over several minutes. This lag is completely eliminated if substrate vesicles initially contain 10 mole % reaction products, but not fatty acid alone. The fact that the reaction begins immediately after adding enzyme to product -containing vesicles implies that the kinetics of the lag are due not to slow binding of enzyme to the interface but rather to a slow buildup of products. The initial velocity in the presence of products and the velocity at the end of the lag are similar, which suggests that the only effect of added products is to eliminate the lag. The lag decreases as the amount of enzyme is increased, because the buildup of products in vesicles occurs more rapidly in the presence of more enzyme (168) .
The lag increases with increasing amounts of substrate vesicles, which indicates that the mole fraction of products in the vesicles is what determines the lag (168) . The lag in the hydrolysis of PC vesicles is minimal when the temperature is near the gel-to-liquid phase transition, and it increases as the temperature is lowered or raised (7, 163, 168, (171) (172) (173) (174) . This probably ac counts for the apparent activation of sPLA2s at the phase-transition tempera ture. It may also be noted that no anomalous change in kinetics is seen near the phase-transition temperature when pp-PLA2 is operating on DMPM vesi cles in the scooting mode (11) . This suggests that the activation is related to the E to E· equilibrium.
Spectroscopic studies of PC/products ternary mixtures suggest that the segregation of fatty acid occurs as the lag ends, and this also correlates with enhanced binding of enzyme to the interface (175, 176) . If such segregation is maximal near the phase-transition temperature, this would account for the apparent activation of sPLA2s at this temperature. Additional evidence for this comes from studies employing epifluorescence microscopy to visualize di rectly the action of sPLA2 on phospholipid monolayers containing fluores cently labeled phospholipids (177, 178) . With this technique, a monolayer of dipalmitoyl PC doped with small amounts of rhodamine-labeled amphiphile is formed, and the surface pressure is varied until fluid and liquid crystalline domains coexist; the former appears more fluorescent because the dye is excluded from the crystalline domains (179. 180) . Addition of cobra venom sPLA2 leads to a loss of the solid domains as seen by frayed indentations. As the solid domains become hydrolyzed, enzyme domains form in their place (the enzyme is tagged with fluorescein so its location on the monolayer can be viewed). Further studies were carried out with mixed monolayers of di palmitoyl PC, l-palmitoyl-Iyso-PC, and palmitic acid (181, 182) . Lateral com pression of these ternary mono layers leads to the formation of domains that have a high anionic character, since they preferentially bind a fluorescent cationic dye or sPLA2•
Enzyme Aggregation
There is vigorous debate about whether sPLA2s form functional aggregates at the interface. The only unequivocal data that relies on direct measurement of the aggregation state of the functional enzyme is for the action of several sPLA2s on DMPM vesicles in the scooting mode (95) . The total moles of phospholipid hydrolyzed after the completion of the reaction divided by the number of phospholipids in the outer monolayer of DMPM vesicles (deter mined by a variety of techniques) gives the moles of catalytically active enzyme. When this number is divided into the mass of enzyme in the assay, a Mr within 10% of the monomeric Mr is obtained in all cases. In addition, spectroscopic studies using fluorescently tagged pp-PLA2 reveal interprotein fluorescence energy transfer only when the enzyme is crowded on the interface of anionic or zwitterionic vesicles or micelles (95) .
Most sPLA2s have a tendency to aggregate both in solution or in the presence of amphiphiles (6, 18, 53, 169) . It is not clear if these aggregates are fu nctionally active or if they are fo rmed under catalytic conditions; activation of cobra venom sPLA2 by dimerization has been invoked, however (21) . Based on such a possibility, attempts have been made to model events of the lag phase seen in the hydrolysis of zwitterionic vesicles after accumulation of a critical mole fr action of reaction products (introduced above). Such models are designed to simulate numerically the characteristics ofthe reaction progress during the lag phase with the predictions of the various modifications of the Michaelis-Menten formalism (171, (183) (184) (185) (186) (187) . The key conclusion is that the one-step E to E" eqUilibrium ( Figure 1) does not account adequately for the events of the lag. A minimum model in which the enzyme first forms a dimer in solution (E2) or at the interface (E28) and then converts to a catalytically active dimeric form (E*28) nicely fits the data (187):
It is difficult to evaluate the full significance of this suggestion, because the values of the underlying rate and equilibrium constants have not been determined yet. Apparently, the need for the dimer formulation arises from the fact that although the binding of the enzyme to zwitterionic vesicles is poor, in the presence of a high vesicle concen tration the maximum rate should reach the value observed in the presence of reaction products, but in fact it does not in the case of venom sPLA2• Thus, according to this formalism, the dimeric enzyme is intrinsically a better catalyst, and the driving force for dimerization comes putatively from the lateral phase segregation of reaction products. Besides the lack of direct evidence for dimerization, it should be recalled that sPLA2s are fu lly active as monomers on anionic vesicles, where there is no discernable lag and the kinetics are independent of the phase properties of the bilayer. An alternative explanation for the events of the lag within the confines of Figure 1 may be found in stopped-flow studies of the binding of pp-PLA2 to the interface (162) (discussed above). Perhaps on zwitterionic vesicles the enzyme is mainly in the E state, and the transition to the E * state, which is required for catalysis, is promoted by reaction products. In addition, different residence times of the E and E * forms could account for the differences in the kinetic behavior of sPLA2 in the lag phase as well as in the steady state established after the formation of a critical mole fraction of products. Clearly, further studies are needed to understand fully the role of enzyme aggregation in the kinetics of action of sPLA2 on PC vesicles.
pp-PLA2 and A. piscivorus piscivorus sPLA2 catalyze the hydrolysis of the water-soluble chromogenic compound 4-nitro-3-octanolyloxybenzoate (188, 189) , and this leads to octanoylation oflysine 56 (porcine pancreatic) or lysines 7 and 10 (snake venom). Acylated pp-PLA2 and venom sPLA 2 are 180-and 7-fold, respectively, more active than their non-acylated forms on the chromo genic substrate, and pp-PLA2 is lOO-fold more active on PC monolayers. Whereas the non-acylated enzymes are monomeric in solution. the acylated enzymes form dimers. Incubation of pp-PLA2 and venom sPLA2 with small unilamellar vesicles of PC radiolabeled in its sn-2 chain leads to dimeric. radiolabeled enzymes with enhanced activity (188, 189) . The authors suggest that substrate-derived enzyme acylation is the basis for interfacial activation of sPLA2s (189) . Mutation of the acylation site of pancreatic sPLA2 (lysine-56) or altering the structures of all of the lysines by mutation to arginines or by amidination, however, leads to enzymes that are fu lly active on substrate interfaces (95, 166, 190, 191) . Also, interfacial activation on PC vesicles by reaction products is reversed when vesicles without product are added (186). Chemical fatty acylation of pp-PLA2 and bee venom sPLA2 with reactive esters leads to enzymes that no longer display a lag in the hydrolysis of PC mono layers (190, (192) (193) (194) (195) . Thus, there seems to be general consensus that acylation increases the affinity of enzyme for zwitterionic interfaces, but the proposal of substrate-based enzyme acylation as the basis for interfacial activation seems highly unlikely when all of the evidence is considered.
Hy drolysis of Wa ter-Soluble Short-Chain Phospholipids
The analysis of sPLArcatalyzed hydrolysis of short-chain phospholipids dis persed as solitary monomers in aqueous solution has been clouded by obser vations that pre-micellar protein-lipid microaggregates form (see e.g. 127, 157, 169, [196] [197] [198] . Such aggregation may be due to the segregation of short-chain phospholipids in contact with the i-face. The kinetic analysis of such behavior is difficult, because the reaction rate could be controlled by the replenishment of substrate in small enzyme-lipid microaggregates. Although it is possible that, in some cases, the enzyme-substrate complex is non-aggregated, caution should be exercised in interpreting the results with short-chain phospholipids.
CONCLUSIONS AND FUTURE PROSPECTS
Interfacial catalysis has come of age-to the point that the Michaelis-Menten fo nnalism, with an additional step for binding of the enzyme to the interface, can be used to characterize many features of interfacial enzymes analytically. The concept of a neutral diluent has been developed, and this allows interfacial equilibria to be analyzed. There is a wealth of infonnation on the interfacial enzymology of sPLA2s, and such studies will pave the way toward detailed quantitative analyses of other interfacial enzymes such as triacylglycerol li pases, 85-kDa cytosolic phospholipase A2, and phospholipases C (see e.g. [199] [200] [201] [202] . One area ripe for further development is the appreciation and un derstanding of factors that control the E to E* equilibrium in physiological settings. Examples of agents that modulate the binding of sPLA2s to cell membranes are bacterial permeability-inducing factor (203, 204) , heparin-pro teoglycan (205) , and protein receptors (206, 207) . In addition, segregated phospholipid domains have been observed in living cells (208) , and these will almost certainly play a role in modulating the activity of interfacial enzymes.
